Abstract-We show that a significant increase in the gain and front-to-back ratio is obtained when different high impedance surface (HIS) sections are placed below the active regions of an Archimedean spiral antenna. The principle of operation is demonstrated at 3, 6, and 9 GHz for an antenna design that employs a ground plane composed of two dissimilar HISs. The unit cells of the HISs are collocated and resonant at the same frequency as the 3-and 6-GHz active regions of the wideband spiral. It is shown that the former HIS must also be designed to resonate at 9 GHz to avoid the generation of a boresight null that occurs because the structure is physically large enough to support higher-order modes. The improvement that is obtained at each of the three frequencies investigated is shown by comparing the predicted and measured radiation patterns for the free space and HIS-backed antenna.
I. INTRODUCTION
T HE ARCHIMEDEAN spiral is a class of frequency-independent circularly polarized antennas [1] that are widely used for avionics and microwave direction-finding systems [2] . An in-phase current relationship permits radiation from active regions where the radius of the circular bands is related to the wavelength of operation by [3] . The beam-pointing direction is normal to the plane of the spiral, and radiation occurs equally in the upper and lower hemispheres surrounding the antenna. For many applications, it is desirable to suppress the backlobe radiation because electromagnetic scattering from structures in close proximity to the antenna can result in pattern ripple and high cross polarization [4] . Moreover, a significant increase in gain can potentially be obtained if a backing structure is used to transform the bidirectional pattern to a unidirectional beam. However, this is not the case for the classical solution where an absorber-filled cavity is placed below the antenna to reduce the backlobes [2] . For this reason, low-loss reflectors have recently been proposed as a means with which to simultaneously suppress backlobe radiation and increase the gain of a spiral antenna [5] . A flat metal plate can be used to achieve these desirable radiation characteristics at a single frequency when placed one quarter-wavelength below the radiating aperture. However, broadband operation is not possible using this simple arrangement because pattern distortion and impedance mismatch are often observed at higher and lower frequencies, respectively. To overcome this limitation, the authors have created a more advanced ground plane design to optimize the performance of a spiral operating in discrete 1-GHz bands between 3-10 GHz [6] . The 3-D structure is composed of eight metal rings, each placed one quarter-wavelength below the corresponding active region of the spiral. The purpose of this letter is to report on an alternative reflector architecture that is planar, more compact, and simpler to construct than in [6] . This is obtained by replacing the metal rings with high impedance surface (HIS) segments that are designed to resonate at the same frequencies as the active regions of the wideband antenna. An additional benefit of using HIS is that the pattern can be printed on a single flat surface and placed close to the spiral arms of the antenna. This is demonstrated for a reflector structure patterned with two different HISs that resonate at 3 and 6 GHz. The resonant elements are miniaturized to permit selective positioning of the arrays below the active regions corresponding to these two frequencies. To simplify fabrication and simultaneously minimize the cavity size, the ground plane of the HIS is separated from the spiral by a distance of at the highest operating frequency. Therefore, the optimum electromagnetic performance is obtained at 9 GHz without the need to pattern the surface of the HIS with array elements at this frequency. Unidirectional operation of the new arrangement is demonstrated by comparing the simulated gain, front-to-back (F/B) ratio, axial ratio, and the measured radiation patterns at 3, 6, and 9 GHz for the free space and HIS-backed spiral antenna.
II. DESIGN AND SIMULATED RESULTS
A two-arm, four-turn Archimedean spiral antenna was designed to work in the 3-10-GHz frequency range using CST Microwave Studio software [7] . The outer and inner diameters are 60 and 4 mm, respectively, and the width and spacing between the conductors are both set to 1.65 mm to realize a self-complementary structure with an input impedance of 188 at all frequencies [8] . The spiral is fed in anti-phase at two excitation ports located 0.5 mm apart at the center of the structure. The geometry and dimensions of the antenna that was designed to generate predominantly right-hand circularly polarized (RHCP) signals is depicted in Fig. 1(a) .
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and
. The substrate is separated from the ground plane by a 7.22-mm-thick foam spacer , and for simplicity a gap of 1 mm is inserted between the spiral and HIS as shown in Fig. 1(b) . The distance between the radiating aperture and the metal plate is at 9 GHz, therefore for this arrangement a good impedance match and radiation pattern performance is obtained without the need to insert a periodic array under the physical area (radius mm) corresponding to the active region at this frequency. The unit-cell dimensions of an infinite array of conductive patches designed to resonate at 3 and 6 GHz are illustrated in Fig. 2(a) and (b) , respectively, and the two predicted reflection phase plots are depicted Fig. 2(d) . A high-permittivity substrate was employed to reduce the physical size of the patches to enable these to be placed under the active regions of the spiral at radii of 15.9 mm (3 GHz) and 7.9 mm (6 GHz) as illustrated in Fig. 1(c) . Fig. 3 depicts the computed return loss of three antenna configurations: 1) free space; 2) backed by the HIS; 3) backed by a metal plate distance behind the spiral at 9 GHz. The latter two arrangements exhibit a return loss greater than 10 dB above 4.8 GHz, but at lower frequencies, the impedance match is observed to be significantly worse than the free-space spiral. For example, at 3 GHz, the metal plate is very close to the surface of the antenna, and the predicted return loss is only about 3 dB. However, the results plotted in Fig. 3 (insert) show that a 10-dB improvement in the return loss is obtained when the antenna is backed by the HIS. Therefore, it is evident that the current in the 3-GHz active region of the spiral is not significantly disrupted by the closely spaced outer HIS of the reflector that resonates at the same frequency.
An interesting observation on the radiation pattern performance of the HIS-backed antenna is made in Fig. 4(a) . This shows that the computed copolar radiation pattern exhibits an 11-dB null in the boresight direction at 9 GHz. At this frequency, most radiation occurs from the primary active region of the spiral that is located on a circle with circumference . However analysis using the CST software shows that higher-order mode radiation [9] , [10] is induced by the residual Fig. 4 . Predicted normalized copolar and cross-polar patterns of spiral at 9 GHz with outer (radii of 15.9 mm) HIS (a) designed to resonate at 3 GHz [ Fig. 2(a) ] and (b) designed to resonate at 3 and 9 GHz [ Fig. 2(c) ]. (leakage) current that flows in the second active region on a ring of radius 15.9 mm. This is also the location of the first active region of the spiral working at 3 GHz , below which the unit cells of the outer HIS elements are placed. Fig. 2(d) shows that, at 9 GHz, the reflection phase of this HIS is 160 , therefore the pattern null observed in Fig. 4(a) can be attributed to destructive interference between the primary and higher-order mode beams in the boresight direction. To prove that this hypothesis is true, we have modified the design of the HIS to remove the pattern null. The unit-cell dimensions are depicted in Fig. 2(c) , and the predicted reflection phase of the double resonant structure is plotted in Fig. 2(d) . At 9 GHz, the HIS exhibits a reflection phase of 0 , therefore, at this frequency, energy radiated from the two active regions is phase-matched, and as shown in Fig. 4(b) , the desired beam shape is obtained in addition to significantly lower cross-polar levels. Fig. 5 depicts the normalized predicted copolar (RHCP) and cross-polar [left-hand circularly polarized (LHCP)] radiation patterns for the antenna in free space and placed above the HIS composed of the elements shown in Fig. 2(b) and (c). These are plotted at frequencies of 3, 6, and 9 GHz in the plane. As a general observation, the authors have recently shown that the beam symmetry degrades when a ground plane is used to provide unidirectional operation [11] , but for brevity, only one pattern cut is presented in this letter because this is sufficient to highlight the improvement in boresight gain and Fig. 5 . Normalized predicted and measured copolar and cross-polar radiation patterns of the spiral antenna at 3, 6, and 9 GHz in (a) free space and (b) with HIS designed to resonate at 3 and 9 GHz [ Fig. 2(c) ] and 6 GHz [ Fig. 2(b) ].
backlobe suppression. The results are summarized in Table I , which shows that the predicted realized gain of the HIS-backed spiral is more than 3 dB higher than the free-space antenna at 3 and 6 GHz, but at 9 GHz, the increase is only about 1 dB because the patterns are broader and the HIS more lossy at this frequency. The predicted reflection loss of the backing structure and total antenna efficiency are 0.1 dB/88% (3 GHz), 0.05 dB/97% (6 GHz), and 0.68 dB/89% (9 GHz). Fig. 5(a) shows that the planar spiral in free space exhibits bidirectional radiation with equal gain and opposite polarizations in the forward-and rearward-pointing boresight directions. The HIS is shown to suppress the dominant cross-polar backlobe radiation from 0 dB to levels in the range 19 (3 GHz) to 28 dB (6 GHz). The only drawback of this arrangement is that the polarization purity of the antenna is degraded, particularly at 3 GHz. At this frequency, the active region is very close to the truncated edge of the spiral, so there is minimal attenuation of the residual current that is reflected from the conductor ends. The numerical model was used to study the improvement in the axial ratio of the antenna with resistors inserted at the end of the two arms to suppress the reflected waves [12] . The results obtained for surface-mount resistor values of 564 on each arm are shown in brackets in Table I . The results confirm that the polarization purity is significantly improved albeit at the expense of a small decrease in the antenna gain at 9 GHz and a slight increase in the front-to-back ratio.
III. FABRICATION AND EXPERIMENTAL RESULTS
The Archimedean spiral was printed on a 0.13-mm-thick Taconic TLY-5 substrate with and and soldered to a 1.1-mm-diameter 50-semi-rigid cable that replicates the spiral's arms. The antenna is excited by an infinite balun and connected to the center feed points, which are spaced 0.5 mm apart as shown in Fig. 6(a) . This feed arrangement does not provide an impedance match, however it is simple to construct and suitable for measuring the shape of the radiation patterns [13] . Fig. 6(b) shows a photograph of the HIS that was patterned on a 0.28-mm-thick Taconic CER-10 substrate with and . The 1-mm gap and 7.22-mm separation distances between the spiral and ground plane were obtained using two Rhoacell low-density foam spacers as shown in Fig. 1(b) . The radiation patterns of the free space and HIS-backed spirals were measured at the three frequencies in an anechoic chamber, and the normalized plots obtained in the cut are compared to the simulated results in Fig. 5 . Pattern ripple caused by scattering from the support jig located behind the free-space antenna is observed at all three frequencies, whereas the beams generated by the HIS-backed spiral are much smoother. Both sets of measured data are in close agreement with the simulated results and highlight the backlobe suppression that is obtained.
IV. CONCLUSION
In this letter, we have used numerical and experimental results to show that carefully designed HIS reflectors can be used to increase the gain and front-to-back ratio of an Archimedean spiral when these are arranged in a circular pattern and placed under the active regions of the antenna. The design methodology was demonstrated at three frequencies, but this work can be extended to improve the radiation pattern performance in discrete channels over the whole 3-10-GHz operating band of the spiral by deploying multiresonant HISs in either a single layer or stacked arrangement. Moreover, our results show that HIS can be used to reduce the thickness of the spiral cavity without compromising the impedance match of the antenna.
